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A cquired immunodeficiency results from many processes and diseases, and it necessitates the use of antibiotics in affected individuals. Among other examples, cancer-related chemotherapy, HIV, and immunosuppressive drugs increase the patient's susceptibility to opportunistic microbial infections. In fact, invasive mycoses have emerged as major causes of morbidity and mortality (17, 24, 35) , and the vast majority of the invasive fungal infections are caused by Aspergillus and Candida species (26) . Other diseases, such as cystic fibrosis, require the chronic use of antimicrobial agents, and in many cases the bacteria common in these patients are resistant to many common antibiotics and require many weeks of therapy, which leads to a higher susceptibility to fungal infections (30) . Moreover, the widely used antifungal agent amphotericin B (AmB) is relatively toxic, and great care is needed for the administration or delivery of this compound (40) . Therefore, new antimicrobial therapies, especially therapies specific for fungi, are needed.
Antimicrobial peptides (AMPs) are used by the innate immune system of all organisms (33, 44) . Many studies on different AMPs have generated a large body of knowledge that will be foundational for future antimicrobial treatments. The modes of action have been reviewed in detail (3, 25, 27, 39, 41) , and new modes of action are still emerging (14) . Peptides are being found that modulate the immune response or have targets within the cell (19) , many peptides bind and permeate cell membranes (1, 29) , and others have multiple targets (16) . Taking these findings together, AMPs display robust mechanisms that could decrease the possibility for resistance to develop (18, 28) .
Native lipopeptides form a class of antimicrobial peptides. Lipopeptides in general possess a broad spectrum of activities that include antibacterial, antifungal, antiviral, and cytolytic action. These compounds have been gaining increased acceptance and attention because of the pressure for new antimicrobial agents against resistant pathogens. Different lipopeptide design strategies include peptide alkylation, acylation, and peptidomimetics, which are being studied preclinically (2, 6, 7, 31, 32) . Clinically used lipopeptides include the antifungal agent caspofungin and the antimicrobial agent daptomycin. Previously, we reported that linear ultrashort cationic lipopeptides have potent antimicrobial and antifungal properties, and we described the minimum peptide length necessary for activity. We observed that even small changes in amino acid composition, for example, glycine for alanine residues within a lysine containing tetrapeptide, can alter the antimicrobial potency and have large effects on hemolytic activities. The mode of action of these peptides is the perturbation of the pathogen's membrane (21, 22) .
Lipopeptides usually possess a strong affinity for membranes and thus have a broad spectrum of activity (13) . A problem with many such peptides is that the toxic dose is close to the therapeutic dose, and the challenge remains to broaden this window in novel ways (20) . Strategies to address this challenge include modifications to the peptide to optimize specificity, to decrease the toxicity, and to increase the potency. Selected examples of attempts to resolve these problems have been to optimize the sequence or lipophilic parts of the peptide, for example, the magainin analog MSI-78, or to use drug delivery technologies (15) . Here, we aimed to design selective, nontoxic peptides by conjugating a targeted biomolecule to ultrashort peptide sequences and to find the minimal and optimal sequences for high activity. Also, we tested select compounds for synergy with amphotericin B (AmB) and ␤-cyclodextrin (CD). AmB was used because its mechanism differs from that of the ultrashort peptides, and CD was used as a tool to alter the hydrophobic character of the peptide through noncovalent interactions. CD is a cyclic oligosaccharide that is well known to bind hydrophobic compounds, which in turn modify the physical properties of the inclusion compound. The family of cyclodextrins currently is used in drug delivery applications to, among other things, increase the water solubility of very hydrophobic drugs and for the delivery and penetration of drugs into tissues (4, 11, 36) . We observed that the vitamin E (VitE) and cholesterol peptides showed a higher selectivity than the fatty acid-conjugated sequences and exhibited a larger therapeutic window, giving higher 50% lethal concentration (LC 50 )/MIC ratios than the fatty acid-conjugated sequences.
MATERIALS AND METHODS

Materials.
Rink amide paramethylbenzhydrylamine (MBHA) resin and 9 fluorenylmethoxycarbonyl (Fmoc) amino acids were obtained from Calbiochem Novabiochem AG (Switzerland). (ϩ)-␣-Tocopherol succinate (vitamin E succinate), amphotericin B, and gentamicin were purchased from Sigma Chemical Co. (Israel). Other reagents used for peptide synthesis included trifluoroacetic acid (TFA; Sigma), piperidine (Merck), N,Ndiisopropylethylamine (DIEA; Sigma), N-methylmorpholine (NMM; Fluka), N-hydroxybenzotriazole hydrate (HOBT; Aldrich), 2-(1Hbenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), and dimethylformamide (DMF peptide synthesis grade; Biolab). All other reagents were of analytical grade. Buffers were prepared in doubledistilled water. RPMI 1640 was purchased from Biological Industries (Beit Haemek, Israel).
Peptide synthesis and purification. Peptides were synthesized by an Fmoc solid-phase method on Rink amide MBHA resin by using an ABI 433A automatic peptide synthesizer followed by peptide cleavage from the resin and purification by reverse-phase high-performance liquid chromatography (RP-HPLC) (Ͼ98%). Reported retention times were obtained using a run time of 25 min and a C 4 column using a gradient of 50 to 95% buffer B (buffer A, H 2 O ϩ 0.1% TFA; buffer B, CH 3 CN ϩ 0.1% TFA). The composition of the lipopeptides was confirmed by electrospray mass spectroscopy. Peptides were tested as acetic acid salts for in vivo testing.
Antifungal activity. The antifungal activity of the lipopeptides was measured using the guidelines of Clinical Laboratory Standards document M27-A3 or M38-A2 for Aspergillus species (9, 10) . The peptides were examined in sterile 96-well plates (Nunc F96 microtiter plates) in a final volume of 200 l containing 100 l of a suspension containing fungi at a concentration of 2 ϫ 10 3 CFU/ml in culture medium (RPMI 1640, 0.165 M morpholinepropanesulfonic acid [MOPS], pH 7.4, with L-glutamine and without NaHCO 3 medium) was added to 100 l of water containing the peptide in serial 2-fold dilutions in medium. The fungi were incubated at 35°C for 48 h for Aspergillus fumigatus (ATCC 26430) and Candida albicans (ATCC 10231) and 72 h for Cryptococcus neoformans (ATCC MYA-422), respectively, using a Binder KB115 incubator. Growth inhibition was determined by eye, and antifungal activities were expressed as the MIC (averages of triplicate assays), the concentration at which no growth was observed. Synergy was tested using the checkerboard method as described previously (43) . Briefly, using an 8 by 8 grid in sterile 96-well plates, VitE-KkKK was added to the first row and diluted in medium across the plate. AmB was similarly diluted in a second plate along the other axis and added to the first plate. The Candida was prepared as described above and added to the wells, and after appropriate incubation, growth inhibition was determined by eye. Compounds were deemed to be synergistic if ⌺FIC Ͻ 0.5, where ⌺FIC ϭ FIC a ϩ FIC b and FIC x ϭ MIC x (in combination)/MIC x (alone), where FIC is the fractional inhibitory concentration, a and b are test compounds, and x is a or b.
Antibacterial activity. The antibacterial activity of the lipopeptides was examined according to CLSI guidelines (8) in sterile 96-well plates (Nunc F96 microtiter plates) in a final volume of 100 l containing aliquots (50 l) of a suspension containing bacteria at a concentration of 10 6 CFU/ml in culture medium added to 50 l of water containing the peptide (prepared from a stock solution of 1 mg/ml peptide in water) in serial 2-fold dilutions in LB. The inhibition of growth was determined by measuring the absorbance at 492 nm with a Microplate autoreader El309 (Biotek Instruments) after an incubation of 18 to 20 h at 37°C. Antibacterial activities were expressed as the MIC (averages from triplicate assays), the concentration at which no growth was observed after 18 to 20 h of incubation. The bacteria used were Escherichia coli ATCC D21, Enterobacter cloacae, Enterobacter aerogenes, Staphylococcus aureus ATCC 6538P, gentamicin-resistant Acinetobacter baumannii, Enterococcus faecalis ATCC 29212, and Streptococcus pyogenes ATCC 49399. A similar procedure was performed for the other bacteria (see entries 18 to 42 in Table 2 ), except that a final inoculum of 10 4 CFU/ml in a volume of 0.2 ml was used. For Arthrobacter crystallopoietes (48 h of incubation with agitation), the inoculum was 10 7 CFU/ml in a volume of 0.2 ml. The peptides were screened with an agar diffusion assay (Mueller-Hinton agar with 5% sheep blood [BD]) as follows. The indicator strains were grown in tryptic soy broth (TSB; Oxoid). Culture plates were overlaid with 3 ml tryptic soy soft agar inoculated with those growth suspensions. Compounds were diluted in dimethylsulfoxide (DMSO) to a concentration of 1 mg/ml, and 3-l aliquots of these dilutions were dropped on the agar surface. The lantibiotic nisin was used as a positive control and DMSO as a negative control. The diameter of the inhibition zones was measured after 24 h of incubation at 37°C.
Visualization of damage by the lipopeptides using transmission electron microscopy (TEM). Candida albicans ATCC 10231 (1 ml; 4 ϫ 10 7 CFU/ml) was incubated with peptide in medium for 30 min. The sample was centrifuged at 620 ϫ g for 2 min, and the supernatant was replaced with 1% glutaraldehyde in phosphate-buffered saline (PBS) for 15 min. The sample was centrifuged and the pellet washed twice with PBS. The pellet was resuspended in 100 l PBS, and a drop was deposited onto a carbon-coated grid and negatively stained with 2% uranyl acetate. Grids were examined using a JEOL JEM 100B electron microscope (Japan Electron Optics Laboratory, Tokyo, Japan). For Aspergillus fumigatus ATCC 26430, the spores first were washed five times with PBS and then treated for 8 min with the peptides and prepared similarly to C. albicans. For S. aureus ATCC 6538P, bacteria were grown to mid-log phase, and the medium was replaced with PBS and diluted to an optical density (OD) of 0.1. After treatment with the peptide for 8 min, bacteria were prepared similarly to C. albicans as described above.
Hemolysis of hRBCs. The hemolysis assay was done by using a final volume of 100 l of PBS solution containing the peptides and human red blood cells (hRBCs) (final concentration, 4%). The release of hemoglobin was monitored after an incubation time of 60 min at 37°C by measuring the absorbance of the supernatant at 540 nm. Controls for 0% hemolysis (blank) and 100% hemolysis consisted of hRBCs suspended in PBS and 1% Triton X-100, respectively.
Membrane permeation studies. For Sytox green, the bacteria or fungi were grown in appropriate medium until an OD of 1 was obtained. The sample was centrifuged at 1,000 ϫ g, and the medium was replaced with sodium phosphate buffer (SPB). The samples were diluted to an OD of 0.1, and the dye was added to a final concentration of 1 M. This solution was incubated, protected from light, for 20 min, and 50 l was added to a solution containing peptides (50 l) in an opaque black 96-well plate. Fluorescence was measured with excitation at 485 nm and emission at 530 nm. For A. fumigatus, 100 l medium containing spores (2,000 spores/ ml) was added to each well of an opaque black 96-well plate and incubated overnight at 35°C. Dye was added for a final concentration of 0.2 M in SPB and left to incubate for 15 min. The peptide then was added, and the fluorescence was measured as described above. For Bacillus megaterium, the strain was grown in half-concentrated MH broth to an OD at 600 nm (OD 600 ) of 0.8 and incubated for 10 to 20 min with the membrane potential-sensitive fluorescent probe bis-(1,3-dibutylbarbituric acid) thrimethine oxonol (DiBAC4; 1 M; Invitrogen) (3). Compounds were added at a concentration corresponding to 10ϫ the MIC. Fluorescence was measured at excitation and emission wavelengths of 480 and 520 nm, respectively. Nisin was used as a positive control, and DMSO was the negative control.
Cell culture. In vitro assays were performed on RAW264.7 murine macrophages (ATCC TIB71). Cells were grown in Dulbecco's modified essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS), L-glutamine, sodium pyruvate, nonessential amino acids, and antibiotics (Biological Industries, Beit Haemek, Israel). The incubator was set to 37°C with a humidified atmosphere containing 5% CO 2 .
XTT cytotoxicity assays. A total of 2 ϫ 10 5 cells per well were grown overnight on a 96-well plate. The following day, the media were replaced with 100 l culture medium containing different concentrations of the different peptides. Peptide concentrations ranged from 3.12 to 200 M. The cells then were incubated for 16 h, and the medium was replaced with 100 l fresh medium and 50 l of 2,3-bis-2H-tetrazolium-5carboxanilide inner salt (XTT) reaction solution (Biological Industries). Viability was determined as described previously (23, 34) . The LC 50 for each peptide was obtained from the dose-dependent cell viability curves.
Evaluation of toxicity. Noninfected, immunosuppressed mice (n ϭ 5 per group) received intratracheal (i.t.) PBS or VitE-KAaK at 4.5 mg/kg or VitE-KkKK at 4.5 and 9 mg/kg of body weight on days 1, 4, 7, and 11. Six-week-old female ICR mice were immunocompromised by cortisone acetate injection (37) . Cortisone acetate (150 mg/kg PBS with 0.1% Tween 80) was injected subcutaneously at 4 days prior to treatment with the compound, on the day of first treatment, and 2 and 4 days after the first treatment. VitE-KAaK was administered i.t. at 4.5 mg/kg (50 l) on days 1, 4, 7, and 11, and VitE-KkKK was given similarly at 4.5 and 9 mg/kg. Mice were monitored for 28 days for survival, weight, overall appearance, and behavior. Experiments were done according to the regulations of the animal care facility at the Weizmann Institute of Science.
RESULTS
Design and synthesis.
We synthesized a series of positively charged biomolecule-tetrapeptide conjugates based on lysine. Both D-and L-amino acids were used, and the sequences were based on previous studies of fatty acid-conjugated peptides (21, 22) . The lipophilic part of the previously studied lipopeptides consisted of a linear fatty acid, for example, palmitic acid, coupled to the N terminus of the peptide sequence. Here, we replaced this component with different biologically relevant or lipophilic compounds, which gave rise to novel active agents with differing specificities and activities. Figure 1 shows the diversity of structures used, including a calculated log P value for the lipophilic part of the peptide conjugates. The structures tested include components native to membrane environments, for example, cholesterol and vitamin E (VitE), but other compounds also were included, such as biotin, adamantanecarboxyllic acid, and the Fmoc-protecting group. Previously reported palmitic acid peptides, derivatives of compound 4 in Fig. 1, were included for comparison.
The coupling of the carboxylic acid part of compounds 1, 2, 4, and 6 in Fig. 1 was performed similarly to that for amino acids. A final standard piperidine treatment was omitted to obtain Fmocprotected peptides, and for the cholesterol conjugates the resinbound peptide was treated with an excess of cholesteryl chloroformate. Peptides were amidated at the C terminus following acidic cleavage from the resin and purified without complication using HPLC. Table 1 lists the compounds tested together with the HPLC retention times as an indication of the relative hydrophobicity of the active conjugates. After preliminary biological screening, a small series of vitamin E-peptide conjugates also was prepared that contained two to four amino acids.
VitE-peptide conjugates have unique biological activities. The MICs against Gram-positive and Gram-negative bacteria, as well as fungi, were obtained for the peptide conjugates (Fig. 2) . As a control, we used the previously reported palmitoylated peptide sequences (21) . The MIC results from multiple assays were aver-aged and were visualized using the TreeView program, version 1.60 (12) , where a numerical MIC value was converted into a color scale. The degree of specificity and activity can be easily compared in this way. For example, the VitE-peptide conjugates were active on certain fungi but inactive against all bacteria tested, whereas the palmitoylated peptide sequences KGGk and KAaK exhibited good activity against E. coli and S. aureus, as well as against the fungi. Furthermore, the specificities of the VitE sequences can be easily observed. For example, KLlK was only active on C. neoformans, KGGk and KAaK were active only on C. neoformans and A. fumigatus (but not C. albicans), and KkKK was active on all three types of fungi tested. Our data clearly exhibited the selectivity of certain conjugates toward fungi, and to further validate this we screened the VitE and cholesterol-containing compounds against 23 strains of clinically relevant bacteria and an additional two strains of C. albicans ( Table 2 , entries 18 to 42). This confirmed the exclusive antifungal selectivity of the VitE compounds, which gave no detectable activity, but for the cholesterol peptides exceptions were observed in 3/25 strains. For these exceptional strains, B. megaterium, M. luteus, and Arthrobacter crystallopoietes, for example, activity could be detected with cholesterol-KGGk with MICs of 2, 8, and 8 M, respectively. Taken together, and with few exceptions, a general inactivity on bacteria but very high activity on the fungus, especially A. fumigatus, was seen.
To study the activity differences of VitE-KAaK between different fungi, a panel of 21 strains of Aspergillus and Candida species, among others, was used ( Table 2 , entries 1 to 17). This confirmed that this peptide conjugate was specific and highly active against all Aspergillus species and was completely inactive against all Candida species (Fig. 3) .
Additionally, hemolytic activity also was obtained for selected active compounds by the incubation of the peptides in a highly diluted solution of human erythrocytes, and cytotoxicity was evaluated using murine macrophages and cell viability assessed using the XTT reagent (Table 3 ). Using the toxicity against macrophages, good biocompatibility was seen for the highly active com-pound VitE-KkKK, with LC 50 /MIC ratios of 64 and 32 for Aspergillus (MIC, 1.56 M) and Candida (MIC, 3.12 M), respectively. Other compounds gave lower ratios, and the less selective and less active C16-KGGk gave an LC 50 /MIC ratio of 8 and 4 for Aspergillus (MIC, 12.5 M) and Candida (MIC, 25 M), respectively.
Vitamin E conjugates nontoxic in vivo. In addition to the hemolytic assays, in vivo toxicity assays were performed on selected VitE conjugates in mice (Table 3) . Immunosuppressed mice (n ϭ 5) were given 4.5 or up to 9 mg/kg of VitE-KAaK or VitE-KkKK i.t., respectively, four times during 11 days, and they were monitored for 28 days. Mice behaved, appeared, and increased in weight similarly to the control group (PBS), indicating nontoxicity.
CD-bioconjugate interaction modifies mechanism of specificity and antifungal activity. CD is able to form inclusion complexes with fatty acids and cholesterol, thus we hypothesized that it would alter the hydrophobicity, organization, and delivery of our bioconjugates. It was used here as a tool to perturb the properties of our compounds, and it gave rise to interesting changes in their activity and selectivity. Interestingly, at an optimized CD concentration of 2.5 mM, compounds that were highly selective for fungi (VitE-KkKK and VitE-KKK) became active against S. aureus. The doubly charged conjugates VitE-KAaK and VitE-KGGk, being selective for Aspergillus and Cryptococcus, became active against Candida in complex with CD (Table 4) .
CD alters bioconjugate interaction with bacterial and fungal membranes. The mode of action was probed using Sytox green, which is a dye that cannot enter an intact cell unless there is severe membrane permeation or damage. Binding to nucleic acids drastically increases the fluorescence. The fluorescence change due to the action of the peptide conjugates was normalized to the maxi- , and in this case, Sytox green fluorescence was significantly enhanced to intensities similar to those of the active peptides melittin and C16-KGGk (Fig. 4a ). Here, maximum fluorescence corresponded to the MIC of the peptides. No fluorescence increase was observed with C16-KGGk in the presence of CD until the high concentration of 100 M, and this agrees with the loss of biological activity observed in the MIC assay. For E. coli, no Sytox green penetration was seen with VitE-KkKK with or without CD, which agreed with the absence of biological activity (Fig. 4b) . For C16-KGGk, a maximum fluorescence was reached at the MIC value, whereas a gradual increase in fluorescence in the presence of CD was seen. Interestingly, no penetration of Sytox green, suggesting no cell membrane permeation, was observed for active conjugates VitE-KkKK (with or without CD) and VitE-KGGk (with CD) with C. albicans (Fig. 4c ). For A. fumigatus, the Sytox green fluorescence corresponded to the activity of the compounds. VitE-KkKK, VitE-KAaK, C16-KGGk, and C16-KGGk with CD, with MICs of 1.56, 6.25, 12.5, and Ͼ100 M, respectively, gave decreasing fluorescence responses ( Fig. 4d ). Cholesterol-KGGk, a compound that showed activity on B. megaterium, was tested in a similar depolarization assay with DiBAC4 (3), and at a concentration of 10ϫ the MIC it gave a fluorescence increase of 50% compared to that of nisin, which was used as a positive control (data not shown). Visualization of cell damage by TEM. The spores of A. fumigatus were treated with VitE-peptide conjugates at their MICs for 8 min and were visualized by TEM. Pictures were obtained for the selectively active VitE-peptide sequence KAaK at a concentration of 6 M. The conidia in the control sample had relatively smooth edges, whereas the treated sample showed rough and uneven edges that are indicative of structural damage (Fig. 5a ). S. aureus was treated with VitE-KkKK at a concentration of 12.5 M with and without CD (2.5 mM). This was below the MIC for the peptide conjugate alone but above the MIC for the peptide in combination with CD. Accordingly, intact bacteria were observed in the sample treated with peptide alone, and damage was observed in the sample treated with the peptide in combination with CD ( Fig.  5b) . Lastly, peptide conjugates were incubated at a concentration above the MIC for 30 min with C. albicans, with and without the addition of 2.5 mM CD, and visualized (Fig. 5c ). The addition of CD did not cause any visual change in microbe general shape or structure and was almost identical to the microbe sample in PBS. C. albicans treated with VitE-KkKK showed no damage with or without the addition of CD, indicating an internal target for this compound. The treatment of C. albicans with C16-KGGk at a concentration of 50 M, which is above the MIC without CD but below the MIC with CD, accordingly showed damage without CD and no damage with CD.
A vitamin E-peptide conjugate synergizes with AmB. AmB is a polyene antifungal agent that associates with ergosterol in the fungal membrane, which leads to pores. It is clinically used despite a relatively high toxicity. Finding agents that improve or synergize with AmB could lead to less toxic and more effective antifungal therapy (38) . Since no massive membrane damage was observed by TEM and no Sytox green fluorescence increase occurred with C. albicans and VitE-KkKK treatment, we predicted that the VitE conjugate has an alternate or internal target, and it may synergize with a pore-forming antifungal such as AmB. We tested for synergy between the two compounds in a checkerboard MIC assay against C. albicans. The combination of AmB and VitE-KkKK gave an FIC of 0.37, which indicated synergism.
DISCUSSION
Previous studies reported on a family of potent antimicrobial and antifungal ultrashort lipopeptides containing four or fewer amino acids (21, 22) . The conjugation of fatty acids to otherwise inactive peptides greatly increased the activity and spectrum. Here, we aimed to incorporate new features into a simple, basic design that would increase specificity toward fungi. We chose to vary the lipophilic fatty acid component of the lipopeptide with biologically relevant compounds while keeping the peptide segment as short as possible. Among the molecules tested, cholesterol and vitamin E succinate conjugated to short peptide sequences were found to be highly biologically active. Cyclodextrin and AmB were tested for possible synergistic effects. Interestingly, VitE-KkKK became active against S. aureus in combination with CD, and it synergized with AmB against C. albicans. Overall, we observed that different selectivity and activity can be obtained with different biomolecules, that fungi can be targeted, that there is a minimum hydrophobicity necessary for short peptides to be active, and that activity can be modulated using noncovalent interactions.
The activity of the bioconjugates was comparable to that of the ultrashort peptides previously reported and, in general, to that of many native AMPs. Biotin, adamantyl, and Fmoc conjugates were inactive; however, cholesterol and VitE conjugates were very active. For the active bioconjugates, low micromolar values were obtained, and they were especially active against the fungus tested. The calculated log P of the hydrophobic moieties correlated to the general selectivity of the peptide. Palmitic acid-conjugated peptides were broadly active against both bacteria and fungi, whereas the more hydrophobic conjugates were active only on fungi, and less hydrophobic conjugates lost all biological activity. The less hydrophobic compounds Fmoc, adamantane, and biotin probably need to be balanced with longer peptide sequences that include hydrophobic amino acids. Others also have reported on the importance of hydrophobicity and have defined an optimal hydrophobicity window for ␣-helical AMPs (5) . However, in our case, selectivity is not controlled only by hydrophobicity, since the number of charges and the small variations to the peptide part of the VitE conjugates gave differences in membrane targeting and activity.
Remarkably, testing VitE-KkKK in combination with CD in- To shed some light on the mechanism of action of the VitE conjugates, the fluorescent probe Sytox green was used. A comparison was made to the previously studied membrane-active palmitic acid-conjugated peptide C16-KGGk. For C. albicans, no leakage of Sytox green was observed for the VitE conjugates into the cell. The good activity combined with the absence of membrane damage indicate that internal structures, such as mitochondria, were targets for the peptide. Electron microscopy gave further evidence for internal targeting, since at concentrations above the MIC no apparent damage was observed for active VitE-KkKK. Therefore, we hypothesized that an antibiotic with multiple internal targets would benefit from easier access to the cell or would synergize with pore-forming or membrane-disrupting agents. We tested VitE-KkKK in combination with AmB, since AmB targets the membrane by binding to ergosterol and altering the membrane integrity by forming pores. Indeed, a strong synergism was observed (⌺FIC ϭ 0.37) due to possible individual actions on different targets, or because amphotericin causes increased access of VitE-KkKK to the cytosol. Cyclodextrin also may act in this way by aiding or preventing the transport of these compounds across the membrane.
CD either increases or decreases the activity of the compounds through a noncovalent interaction, which modulates the hydrophobicity. These activity changes can be explained in the following ways. CD may cause a perturbation in the lipophilicity of the peptide conjugate for greater partitioning into the membrane, which may cause activity increases. However, an inclusion complex that is too strong may abolish lipophilicity. Palmitic acid and cholesterol are known to bind CD, and these conjugates were most susceptible to being rendered inactive by CD. For the vitamin E compounds that may interact with CD differently, differing effects were observed with C. albicans: a decreased activity for VitE-KkKK but an increased activity for VitE-KXXK.
In general, the biocompatibility of the most active compounds was good. Hemolysis and cytotoxicity studies showed an LC 50 / MIC ratio of up to 40 and 64, respectively. Preliminary murine in vivo studies were performed to assess toxicity in animals. The intratracheal administration of a compound (up to 9 mg/kg) to immunocompromised mice was used according to a murine lung infection model previously reported for the treatment of A. fumigatus (42) . Here, no toxicity was observed, and mouse weight and behavior were identical to those of the control group. This toxicity profile warrants further experimentation in animal infection models.
Cholesterol-and VitE-conjugated peptides containing short, positively charged peptide sequences were highly active and gave a unique selectivity toward fungi. This selectivity could be modulated with CD for increased activity on S. aureus and C. albicans with selected compounds, and CD could drastically reduce hemolytic activity in some cases. Synergism was observed with AmB. Taken together, these results demonstrate the versatility of adding biologically relevant compounds to peptides to modulate activity and selectivity toward eukaryotic cells. CD imparts unique properties to the peptide conjugates and modulates the selectivity and activity. In the past decades, CD drug delivery technology has been extensively developed, and this study supports the notion that this technology is broadly applicable to the field of antimicrobial peptides and lipopeptides. Choosing certain lipid-targeting molecules thus is crucial for the design of biologically active lipopeptides, where high membrane specificity is desired. Fungus specificity was observed using more structurally complex lipophilic compounds, and this strategy could be extended to modify the activity of other known antimicrobial peptides and also to other peptide sequences that exert their function in close proximity to the eukaryotic cell membrane.
